Highlights  Higher inter-yarn friction will make the energy absorption rate increase monotonously.  Higher inter-yarn friction will make the response mode of fabric more globalized.  Near zero friction, strain energy(SE) is the dominant mechanism of a fabric while at higher  inter-yarn friction, kinetic energy(KE) becomes the dominant one  An maximum inter-yarn friction exists for frictional dissipation energy(FDE) absorption Abstract: This paper aims to numerically figure out the effects of inter-yarn friction in the fabrics impacted by a cylindrical-nose projectile on the ballistic performance including transverse deformation of fabrics, overall energy absorption and the forms of energy absorption. Finite element (FE) models were established for two fabrics based on the yarn properties of Twaron ® and Dyneema ® , respectively. The numerical results show that increasing inter-yarn friction decreases the transverse deflection abilities of the two fabrics and subsequently the response modes of them will transfer from a localized response to a globalized one. With the increase of inter-yarn friction, the energy absorption rate monotonously increases as well while the failure time firstly decreases and then increases but further decreases again. Increasing inter-yarn friction also affect the forms of energy absorption. Near zero friction, strain energy (SE) is the dominant mechanism of a fabric. With the increase of inter-yarn friction, kinetic energy (KE) becomes the dominant one. A maximum inter-yarn friction exists for frictional dissipation energy (FDE) absorption.
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Introduction
With the advancement of technology, fabrics such as para-aramid fabrics and UHMWPE fabrics are more and more used for ballistic protection because of their high strength to weight ratio. Correspondingly, investigations about the behaviours of these fabrics upon ballistic impact attract more attention. Most of researchers begin to explore the relevance between the structure of ballistic fabrics and the ultimate performance of them so as to obtain the optimal design. Nevertheless, the ballistic fabrics are hierarchically constructed where the ballistic fabrics are commonly made from dozens of layers of fabrics and the one layer of fabric is constructed by hundreds of yarns and one yarn is an assembly of thousands of fibres. Given the complexity of hierarchical structure of ballistic fabrics, the influence factors from the structure are considerable [1] , for instance, the strength, the pattern, the warp and weft yarn density and so on. Among those numerous influence factors, the inter-yarn friction is outstanding and vital and its effects on the ballistic performance have been investigated by some researchers, such as Hearle et al. [2] , Briscoe and Motamedi [3] , Duan et al. [4, 5] , Zeng et al. [6] , Rao et al. [7] , and Sun et al. [8] , Minh et al. [9] , Gogineni et al. [10] , Nilakantan et al [11] .,Sun et al. [12, 13] , Zhou et al. [14] ，Wang et al. [15] and Daset al. [16] .
The investigation methods about ballistic impact are mainly limited to numerical method, empirical method and analytical method [17] . Empirical method is based on a certain experimental design and device provided to acquire the first-hand data.
Through data analyses, the response characteristics of a fabric can be examined and the constitutive relations can be established. However, the disadvantage of this method is obvious for that it is a time consuming and material costly process. Additionally, the accuracy of the obtained results to a large degree depends on the correctness and completeness of collected data. Analytical method is mainly from a physical perspective to set up governing equations based on general mechanic laws using ACCEPTED MANUSCRIPT A C C E P T E D M A N U S C R I P T 4 various parameters involved in the ballistic impact process. In the analyses, the whole process is divided into n steps by a small increment of time. At the first increment, the equations are usually derived based on energy conservation, impulse theory and Newton's second law. Analogously, step by step, until the ultimate time, all the equations at every time increment are derived. Compared with the empirical method, the analytical method consumes fewer materials and relies on less labour. However, it needs complete understanding of ballistic impact process. Additionally, in order to simplify the process, some of the parameters tend to be neglected. Inter-yarn friction is one of those factors. The truth is that inter-yarn friction plays a significant role in energy absorption during the impact. The numerical investigation is an investigation approach on the basis of the Finite Element (FE) theory and commercial computer software, such as Abaqus, Ansys and LS-DYNA, to establish projectile-fabric simulation model for elucidating the mechanism behind a fabric subjected to impact. FE theory is better suited to analyse dynamic mechanic problems，where a bullet striking a piece of fabric is rightly a dynamic mechanics problem. The conception of FE theory is that the integrity is divided into limited and small units, which is called mesh, the strain and stress and displacement experienced by individual mesh can be computed step by step when loaded. Eventually, varieties of stress and strain taken by a yarn can be acquired. It is an efficient and effective approach because the complex and instantaneous process would be converted into a controllable and visual process through the simulation. Consequently, a large number of researchers started to investigate ballistic behaviours of fabrics using FE simulation.
Due to limited power of computers in previous time, the numerical investigation about the effects of inter-yarn on ballistic performance is investigated under small size.
In other words, the sizes of samples in previous simulation work are smaller than those in actual ballistic impact experiment [4] [5] [6] [7] [8] [9] [10] [11] [14] [15] [16] . Cunniff [18] applied a sample holder with three sizes of apertures to clamp a single-layer fabric. Apparently, the size of the aperture determines the size of the sample in the test. The ballistic test indicated
that the residual velocity of the projectile is strongly affected by the sample holder aperture size at impact velocities near the ballistic limit of the fabric. In this velocity range, the smaller the aperture is, the higher the residual velocity is.
According to Cunniff's investigation, neglecting the effects of the sample size in the previous studies may lead to incorrect understanding because the sample size did have effects on ballistic performance. In the past, we have established a full size model to analyse the effects of inter-yarn [19] . The effects of inter-yarn friction on fabric failure mechanism have been comprehensively elucidated from perspectives of the role of primary yarns, and secondary yarns. In this study, we will further dig out the effects of inter-yarn friction on the ballistic performance of fabrics with respect to the energy absorption behaviour and fabric response modes.
Simulation work 2.1 The modelling
In modelling part, the task is to simulate a ballistic perforation process that one layer fabric is impacted by a cylindrical nose projectile. The fabric size in current model is the same as the actual size used for ballistic impact test, which is a simple plain fabric.
It is constructed from yarns with the linear density of 93 tex. The warp and weft density are designed to be identical, 7.8 ends/cm. The areal density of the fabric is 153.61 g/cm 2 . It is circle and the radius of it is 7.5 cm. Since the projectile-fabric assembly is symmetric, only a quarter of the fabric area is needed for the simulation.
In the simulation, the average width of the cross-section of the yarn in model is 1.134 mm and the average wavelength of the yarn is 2.556 mm. The average thickness of the fabric is measured as 0.210 mm.The projectile is a steel cylinder with the diameter and height both being 5.5 mm. The mass of it is 1.00 g. The yarn and the projectile are meshed by C3D8R elements and the cross-section of the yarn is meshed with ten elements, as shown in Figure 1 . The quarter fabric described in Figure 2 is drawn in x-z plane, where the circumference of it is fixed, and the remaining two sides are
given symmetric boundary condition. The projectile is only allowed to move along the negative direction of Y axis. The validation of FE modelling results is accomplished through comparing the residual velocity and the transverse wave velocity from the FE results to the ones from the ballistic test results at the similar impact velocity. The validation process can refer to our previous work [19] . 
The materials and impact parameters
The material constants for the yarns are dominated by the longitudinal tensile properties although the real yarns are made of bundled fibres with orthotropic
properties. As such, the yarns are assumed to be homogeneous and isotropic [4] [5] 7, 21] .
Previous researchers have shown that the homogeneity and isotropy assumptions of the yarn lead to acceptable results with inaccuracy approximately 2.4% in energy absorption [22] [23] . The effects of inter-yarn friction will be investigated under two
Young's moduli conditions, one being 72 GPa and the other being 112 GPa. The 72
GPa is set according to the Young's modulus of Twaron ® yarns. Based on previous
investigations [6] , the Young's modulus of Twaron ® yarns is 72 GPa at the strain rate of 1000 /s. The 112 GPa is set according to the Young's modulus of Dyneema ® yarns. In the research from Koh et al. [24] and Huang et al. [25] , the Young's modulus of Dyneema ® yarn is around 80 GPa at the strain rate around 1000 m/s while from the tests carried out by Russell et al. [26] , the Young's modulus of Dyneema ® is around 130
GPa at the same strain rate range. Russell et al. explained that the discrepancy is associated with the measurement method and the slip between specimen and grips [26] .
Form other references [27] [28] [29] , the Young's modulus of Dyneema ® yarns is around 107-115 GPa. Thus, the Young's modulus of Dyneema ® yarns is set as 112 GPa at the high strain rate of 1000/s. For the yarns, the deformation of the yarn prior to reaching the yield point creates only elastic strain, which are fully recovered if the applied load is removed. However, once the stress in the yarns exceeds the yield stress, permanent plastic deformation begins to occur, the strains associated with this permanent deformation are called plastic strains. Based on our test and previous investigations, these two yarns almost keep elastic linear property until failure. Therefore, the elastic strain is set as 0.0428 and the plastic strain is set smaller as 0.001. For the DYM model, the elastic strain and the plastic strain are same to the TM model. Since its modulus is 112Gpa, therefore, its failure stress should be larger and it is 5.11 Gpa, which is calculated from the following formula (1) by reference document of Getting Started with Abaqus.
(1)
is the sum of elastic strain and the plastic strain. is the product of the elastic Young's modulus and the elastic strain.
In order to compare the two model, the other material properties in the two moduli cases are kept same and set according to Twaron ® yarns although the density for A progressive damage model which reflects the material property degradation is implemented in ABAQUS/ Explicit to allow the fracture of the material [30] . The simulation of material failure consists of three stages: (i) establishment of the damage initiation criterion, (ii) determination of the damage evolution law and (iii) element removal upon reaching a completely damaged state. The failure of the material is usually divided into brittle failure or ductile failure. The failure mode of yarns in the fabric is close to stress-based ductile damage criterion. Sun et al. [23] and Wang et al. [22] used this damage criterion in their simulation analysis. The damage initiates when the condition in formula (2) is satisfied:
Where is the state variable, ̅ is equivalent plastic strain. ̅ is a function of stress triaxiality and strain rate., The method for computing triaxiality is shown in formula (3) [30] . p is the pressure stress, q is the Mises equivalent stress. ̅̇ is the equivalent of plastic strain rate.
When the material damage occurs, the stress-strain relationship no longer accurately represents the material's behaviour. Hillerborg et al.'s fracture energy proposal is then used to reduce mesh dependency by creating a stress-energy response after damage initiation to define the damage evolution. Hillerborg et al. [31] defined the energy, G f , as a material parameter. It indicates the required energy to open a unit area of a crack and is given in formula (4) . Removal of a solid element is set by default, when maximum degradation is reached at any one integration point.
Where L is the characteristic length of the mesh; ̅ is the equivalent plastic displacement, equalling to the product of and ̅̇ ; is the yield stress.
The projectile is steel with the density of 7687g/cm 3 . Compared with the fabric, the projectile is much stiffer. As such, the projectile is defined as a rigid body, which means that it is not deformable in the whole process. The Poisson ratio is set as 0.3 [32] .
A pair of coefficients of friction including coefficient of static friction (CSF) and 
The computation of the overall energy absorption
The energy absorption computed in the following analyses is based on the entire fabric although the model in FE simulation is a quarter based. In the simulation of perforation test, the impact velocity and the residual velocity can be measured. Thus, variation in projectile energy loss can be calculated from these two velocities [33] [34] [35] [36] [37] , as shown in formula (5) . Without any other external force action and without considering energy loss by heat, intermolecular friction, air resistance, acoustic energy and so on, the projectile energy loss can be assumed to be fully absorbed by the fabric based on the law of energy conservation. The energy transfer between the projectile and fabric can be simply described in the following formula (6)：
where ∆ is projectile energy loss; m is the mass of a projectile; v i is impact velocity, and v r is residual velocity; ∆ means overall energy absorption of a fabric.
Results and discussion
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The effects of inter-yarn friction on transverse deformation of the fabric

Transverse deflection ability
At the end of ballistic impact, a pyramid-like shape would form on the back face of the fabric due to the transverse deflection. After impact, an angle has been formed between the deformed fabric and the undeformed one, as shown in Figure 3 , which equals to the arc tangent value of the ratio between back face signature(BFS) depth D and BFS base radius R, referring to formula (7) . A smaller angle is desirable because smaller angle means that the fabric is less prone to deflect transversely upon the ballistic impact and thus cause fewer traumas. is less likely to deflect transversely, the transverse deflection ability of the DYM fabric is smaller than that of the TM fabric and consequently the room for decreasing the transverse deflection ability of the DYM fabric is less. Hence, the transverse deflection ability of the TM fabric will be more significantly affected with the initial increase of inter-yarn friction than that of the DYM fabric.
The fabric transverse response modes
In the ballistic impact, it is more anticipated that the fabric gives a globalized response rather than a localized one because the localized response would cause more serious trauma. The illustration of the localized response and the globalized one are 
Effects of inter-yarn friction on energy absorption
Overall energy absorption
The overall energy absorption is the total energy absorbed by the fabric ultimately, which equals to the total projectile energy loss. The changing trend of overall energy absorption with the increase of inter-yarn friction is plotted in Figure 9 . Motamedi [2] , Duan et al. [4] , Sun et al. [12] and Zhou et al. [14] . However, the trend of overall energy absorption decreasing as the inter-yarn friction grows from zero to CSF of 0.30 and CKF of 0.25 has never been found in any previous investigations. It is assumed that the Young's modulus plays a role. Thus, the Young's modulus is extended to a larger range and the trends of overall energy absorption with the increase of inter-yarn friction at those Young's modulus conditions are plotted in Figure 10 . When the Young's modulus is relative lower, for instance, 72 GPa and 52
GPa, the trends of the overall energy absorption with the increase of inter-yarn friction are almost similar, which indicates that inter-yarn friction near zero may give rise to higher energy absorption. Since the overall energy absorption is related to the energy absorption rate and the failure time, the effects of inter-yarn friction on these two aspects will be discussed. GPa cases are plotted as a bar chart in Figure 11 . They display a similar pattern with the increase of the inter-yarn friction in these two moduli cases, where it increases monotonously with the increase of inter-yarn friction. Comparing the effect of inter-yarn friction on the overall energy absorption with that on the energy absorption rate, it is clear that the parameter which inter-yarn friction can make increase monotonously is the energy absorption rate rather than the overall energy absorption. The following is to analyse the underlying reasons.
Figure11
The average energy absorption rate with the increase of the inter-yarn friction Figure 11 indicates that higher inter-yarn friction will result in higher energy absorption rate in the two cases. It may be attributed to the increased resistant forces acting on the projectile from the fabrics with higher friction levels. The higher resistant force from the fabric would accelerate the loss of the projectile velocity and in turn make the energy transfer to the fabric more efficiently. The resistant force can be calculated based on the impulse principle as shown in formula (10) . Figure 12 within the fabric become stronger, and thus enables the yarns in the entire fabric function more efficiently to obstruct the projectile.
(10)
Where f is resistant force; t is failure time; m is the mass of the projectile; v i and v r are the impact velocity and the residual velocity of the projectile. corresponds to the descending degree of transverse deflection ability. Therefore, the failure time of the DYM fabric decreases less than that of the TM fabric. The failure mechanism for the two moduli cases can refer to our previous paper [19] . 
The analyses and discussion on the mechanism of overall energy absorption
The overall energy absorption depends on two parameters, one being energy absorption rate and the other being total failure time. Increasing overall energy absorption can be achieved in two manners, absorbing energy much more efficiently and prolonging the failure of the fabric. However, in the previous investigations, researchers only observed the effects of inter-yarn friction on either energy absorption rate or failure time [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . On one hand, slightly increasing the inter-yarn friction will result in higher energy absorption rate owing to the higher resistance force; On the other hand, it would aggravate the stress concentration from tension stress and shear stress acting on the primary yarns near the impact area and decrease the transverse deformation ability, leading to less failure time [19] . 
Effects of inter-yarn friction on forms of energy absorption
The energy transfer between the projectile and the fabric
The energy dissipation in the fabric takes place mainly in three ways [4] [5] [6] [7] The effects of inter-yarn friction on SE
The frictional dissipation energy
The FDE proportion as function of inter-yarn friction is depicted in Figure 20 . The proportion of FDE firstly climbs to the peak and then decreases with the increase of inter-yarn friction. To the author's knowledge, the amount of FDE is related to the coefficients of friction as well as the relative motion between yarns. Hence, it is reasonable that with a small increase of inter-yarn friction, the FDE increases dramatically because the work done by friction is linear to the magnitude of frictional force. However, much higher inter-yarn friction would restrain the motions of the yarns, leading to a much lower FDE. An optimum level of inter-yarn friction exists for each fabric to achieve the highest amount of FDE. 
Conclusions
In this chapter, the effects of inter-yarn friction on ballistic performance have been analysed using FE simulation in the two Young's moduli cases of 72 GPa and 112 GPa.
The effects of inter-yarn friction on the transverse deformation, the overall energy absorption, and the forms of energy absorption during the ballistic impact have been figured out. The main results from the FE theoretical analyses are given below:
(1) Increasing inter-yarn friction decreases the transverse deflection abilities of fabrics.
The response of fabric will transfer from a localised response to a globalised one with the increase of inter-yarn friction, which is more pronounced for the fabric with the yarn of lower Young's modulus.
(2) The transverse deflection ability of the fabric relates to Young's modulus of the yarn. Larger Young's modulus gives rise to lower transverse deflection ability, and vice versa.
(3) The overall energy absorption is associated with the energy absorption rate and the failure time. With the increase of inter-yarn friction, the energy absorption rate is monotonously increased as well while the failure time firstly decreases and then increases but further decreases again. A C C E P T E D M A N U S C R I P T 28 absorbs more energy because the mode is a localised response.
(5) Increasing inter-yarn friction can affect the forms of energy absorption. Near zero friction, SE is the dominant mechanism of a fabric. With the increase of inter-yarn friction, KE becomes the dominant one. Moreover, increasing inter-yarn friction can increase KE percentage. Slightly increasing inter-yarn friction will significantly decrease SE percentage of the fabric with yarns of lower Young's modulus but affect little to that of the fabric with yarns of higher Young's modulus.
A maximum inter-yarn friction exists for FDE absorption.
Through the theoretical analyses, increasing inter-yarn friction is feasible for improving ballistic performance of body armour constructed by woven fabrics. The practical method for improving ballistic performance of ballistic fabrics can be carried out based on inter-yarn friction mechanism. In this paper, the inter-yarn friction is analysed on the condition of one layer fabric. It is far enough since the ballistic fabrics used for actual ballistic protection is always dozens of layers. In the future, the mechanism of inter-yarn friction for multi-layer fabrics should be investigated. 
